With the rapid progress of quantum information these recent years, it becomes more and more relevant to dedicate efforts in introducing this research topic to undergraduate students. However, as if in various fields of physics the theoretical learning is closely accompanied with experimental illustrations, such a teaching method can be expensive to organise for quantum information. We propose one way to circumvent these difficulties by using the recently made available 5-qubit quantum processor of IBM, in order to illustrate quantum information tasks, by actually implementing them on the superconducting chip through the web interface of the IBM Quantum Experience. We focus on the realization of a quantum teleportation protocol on this device, analyze the results and discuss the issues encountered, providing a complete analysis of this software as a pedagogical tool.
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I. INTRODUCTION
Quantum information studies information processing and transmission in systems governed by the principles of quantum physics. It has witnessed an impressive growth in the last thirty years, aiming to provide computational advantages over classical computers, or the investigation of new physics by simulating complex quantum systems.
1 From the theoretical point of view, the first quantum information protocols emerged in the 1980s and the 1990s, such as quantum key distribution, 2 Deutsch-Jozsa's algorithm, 3 quantum teleportation, 4 or Shor's algorithm. 5 Meanwhile, on the experimental side, the progress occured much slowly, with nevertheless the generation of quantum correlations between two photons in 1981, 6 and the demonstration of quantum cryptography in 1992. 7 However, the experimental advances truly accelerated when a new method for the generation of entangled photon pairs became possible in 1995.
8 Indeed, shortly after, these tools were used to implement dense coding 9 and quantum teleportation, 10 while atoms have also been proven useful to generate entangled states.
11
In later years, the technological progress enabled the experimental verification of various quantum information tasks.
12-17 Much effort is put on their implementation in different physical systems, aiming the ultimate goal of building a quantum computer 18 or a quantum internet.
19
However, it is not yet clear which platform or platforms are the best candidates for these purposes.
Nevertheless, with the rapid advances of this branch of quantum physics, putting efforts in introducing it to undergraduate students is more pertinent than ever. First attempts to introduce the theory of quantum information and quantum computing can be traced back to the 1990s. 20, 21 More recent efforts can be found, 22, 23 as the use of original methods to explain Bell non-locality 24 and quantum cryptography 25 for instance. Investigations on students' understanding of concepts related to quantum information and quantum computing have also been reported. [26] [27] [28] Proposals to illustrate quantum information through experiments exist, and are mainly based on photonic degrees of freedom, 29, 30 in particular on the generation of entangled photon pairs. [31] [32] [33] [34] [35] [36] Some proposed experiments for undergraduate students use other kinds of physical systems, such as spins in nuclear magnetic resonance spectroscopy, 37 or ultracold atoms confined in optical lattices. 38 Yet, including experiments as illustrative examples in a teaching program can be difficult, and the reason for that is two-fold. First, quantum information experiments often require expensive equipment, and second, even the smallest-scale experiments are generally state-of-the-art research projects and require knowledge beyond the one achievable in a tutorial experiment in class. Even if some advanced undergraduate programs in prestigious institutes already include experiments such as the generation of entangled photon pairs, 39 the theoretical side of quantum information is nonetheless the one mostly taught.
Surprisingly, this may change in the very near future. Indeed, recently IBM released a free web interface that allows one to run actual quantum information experiments on their 5-qubit quantum processor. 40 Called the IBM Quantum Experience (QE), this intuitive graphical interface permits the use of 5 transmon qubits 41 to test quantum algorithms, which are sent to IBM to be implemented on their superconducting chip. This interface have already been used to conduct research experiments, [42] [43] [44] [45] [46] and inspired a Python program that simulates the IBM QE interface and helps running actual experiments on it. 47 No a priori knowledge is needed in experimental physics for the anonymous user, that can easily access the results of his/her experiment. One of the attractions of the device is the rapidity with which algorithms are ran. Provided there is no queue (no other users sending requests), receiving the results of an experiment with 8192 realizations takes only a couple of minutes.
The IBM QE could then be used in classes to introduce to students the idea of quantum information with superconducting circuits, while making them run quantum algorithms and analyze the results, in order to illustrate the theory they study. Typically, the students could start by implementing basic operations such as simple one-qubit gates. In the QE, these gates are the identity gateÎ, theX,Ŷ , andẐ Pauli gates, the Hadamard gateĤ, arXiv:1607.02398v2 [quant-ph] 13 Jul 2016 the phase gateŜ and theT gate (for a definition of all the gates available in the IBM QE see the appendix A). The last gate available is the two-qubit Controlled-NOT (CNOT) gate, allowing to create entanglement between two qubits. With all those tools, the students could afterwards test operations involving CNOT gates and create entanglement, from the simple algorithms to generate the well known two-qubit Bell states, or EPR states, 48 to the more advanced ones, generating the so-called Greenberger-Horne-Zeilinger (GHZ) states 49 for three, four or five qubits. Note that the IBM QE user guide already contain a certain number of protocols. The lesson could end with the implementation of a quantum teleportation protocol, with the associated theoretical calculations done in parallel to compare with the experimental results. Note that discrete variable quantum teleportation has been implemented with superconducting qubits in Refs. [50, 51] .
In this paper, we focus on the implementation of quantum teleportation with the interface provided by the IBM QE. We start by reviewing the theoretical calculations of the protocol in Section II. Then, in Section III we show how to implement the protocol in the QE and show the results obtained. In Section IV we detail the issues we faced when implementing the protocol and suggest how the QE could be improved to make the implementation better.
II. THE THEORY OF QUANTUM TELEPORTATION IN DISCRETE VARIABLES
Before showing how to actually implement a quantum teleportation with the IBM QE, we shall recall all the steps of the protocol along with the theoretical derivation that demonstrates the efficiency of it. The purpose of the protocol is the exchange of information between two parties, Alice and Bob, in the following manner: Alice has a qubit with an unknown state, and the goal of the protocol is to teleport this state on Bob's qubit, without obtaining any information about the state. In fact, it is impossible to obtain information about the state while teleporting it. The first step of a quantum teleportation is the generation of a Bell state, an entangled state shared by Alice and Bob,
where the first qubit is owned by Alice and the second one by Bob. For the sake of simplicity, let us in the following omit the tensorial product, e.g., |0 A ⊗ |0 B −→ |0 A 0 B . Alice has an additional qubit |φ i , that she want to teleport to Bob. She must be able to do so irrespective of its state:
where α and β are the probability amplitudes of the |0 i and |1 i states. Hence, Alice has a pair of qubits in her hands, the qubit A entangled with Bob's qubit and the qubit i, in an arbitrary state. She applies a CNOT gate to those two qubits, which unitary transformation can be writtenÛ
in the basis
The operation is controlled by the qubit i, that is, the state of qubit A is changed if the qubit i is in state |1 i , else A is not modified. After this gate, we have to describe the three qubits as a whole,
The next step is the implementation of a Hadamard gate on the qubit i,Ĥ
which gives the final statê
The following step of the protocol is the measurement of qubits i and A by Alice in the Z basis, which projects Bob's qubit into one of the four possible states in Eq. (6). The results of both measurements are sent to Bob through a classical channel, and according to those results, Bob has to apply to his qubit one of the four following gates:Î,X,Ẑ, orŶ . This last operation completes the protocol.
III. EXPERIMENTAL IMPLEMENTATION OF THE PROTOCOL AND RESULTS
We shall now move to the experimental implementation of the protocol using the IBM QE interface. The architecture of their quantum processor is based on transmon qubits. 41 A transmon qubit is a charge qubit, meaning that the quantized levels used to define the qubit are charge levels. These are made of electrical circuits based on superconducting materials, in which are inserted weak links, known as Josephson junctions. Weak links are layers of non-superconducting materials such as insulators. We chose to teleport a state where α = cos (θ/2) and β = sin (θ/2), with θ = π/4. A representation of this state in the Bloch sphere is given in Fig. 1(a) . Four singlequbit gates are needed to generate this state, and are specified in Fig. 1(b) , which shows the associated circuit. For a theoretical derivation of this state using the gates of the circuit, see the appendix B. We implemented this circuit in the IBM QE, and the measured probabilities for this initial state are shown in Fig. 1(c) . One can notice good agreement between theory and experiment.
After the characterisation of the initial state, we implemented the quantum teleportation using the circuit shown in Fig. 2(a) . In Fig. 2(b) and 2(c) , we respectively show the measured populations |α| 2 and |β| 2 of Bob's final state, as functions of Alice's measurements outcomes. 52 While the results are more noisy than in Fig. 1(c) , they still reasonably follow the theoretical predictions.
As an exercise for students, the quantum teleportation circuit has the advantage of being relatively simple, and yet permits to realise one of the most famous protocols in quantum information and address the potential problematic issued when running an experiment either in the lab or in such an interface.
IV. DISCUSSION ON THE ISSUES ENCOUNTERED
We will now detail the issues faced when we implemented the protocol, inherent of the IBM QE, and possibly inconvenient for many quantum algorithms that could be ran using this interface. Note that it may be a good exercise for students to try to understand and to guess by themselves what are the issues and limitations of the IBM QE. The first limitation is the impossibility ofĤTĤŜ intuitively accessing the coherences of entangled states. Indeed, for an entangled state, the only observables that can be measured are the populations through a measurement in the Z basis. This means that if one is given the results in Fig. 2(b) and 2(c) without knowing what circuit was used, there would be no way to know if the populations are for a state with quantum coherence or a mixed state. In other words, the full tomography of an entangled state is not available as an accessible tool. Note that in a very recent work, it is shown how to reconstruct the spin Wigner function of Bell states. 46 Nevertheless, coherence can be easily measured for a single-qubit state that is separable from any other qubit. This is achieved by performing what is called in the IBM QE a Bloch sphere measurement. This measurement gives the vector of the state in the Bloch sphere. We could have shown this measured Bloch vector in Fig. 1(c) for the initial state of Alice, but we have shown the populations of the state instead, to be consistent with the way the results are shown in Fig. 2(b) and 2(c) . We cannot use Bloch sphere measurements in the teleportation circuit in Fig. 2(a) , because otherwise we would obtain vectors of mixed states, due to the entanglement they shared before the measurement.
This last comment points out another limitation present in the IBM QE device, specifically problematic for the protocol we implemented. In fact, the circuit shown in Fig. 2(a) may be rightfully seen as incomplete for quantum teleportation. Indeed, the three qubits are measured at the same time, while Alice should first mea-sure her two qubits, then send the results to Bob through a classical channel, who performs on his qubit a last operation conditioned by the results he received, as explained in Section II. Conditioning the application of gates by the outcomes of measurements is not possible in the IBM QE, and one can only obtain the populations of all the possible states in the Z basis. In our experiment, we applied this last step as a post-selection in the results, meaning that the application of the last gate on Bob's qubit is assumed to be performed with perfect fidelity.
Another issue to be addressed is on the spacial separation between Alice and Bob. In fact, a crucial detail in a quantum teleportation protocol is that both parties should be spatially distant, since it is a communication protocol. This criterion cannot be achieved in the IBM QE, neither was it the case in the previous works studying quantum teleportation between superconducting qubits. 50, 51 Note that this problem can be overcome in other physical systems, as in Refs. [6, 10] , where the protocol is implemented between two travelling photons.
Additionally, because of the limitations detailed before, we could not use the standard benchmark for a quantum teleportation protocol, called the fidelity. It is defined as F = φ 
V. CONCLUSION
We have shown how undergraduate students can easily implement quantum information protocols, and in particular a quantum teleportation protocol, using the IBM QE interface. Reserved only to a small number of experts not so long ago, 50,51 quantum teleportation with superconducting qubits can now be tested by any person interested in quantum information, and more generally, in quantum mechanics. Though its implementation is not perfect due to limitations of the device, this interface is a nice playground that can help illustrating key concepts in quantum information. Since making undergraduate students run such experiments is usually difficult and expensive for introductory courses in this field, we believe the IBM QE could become a useful tool for teachers willing to immerse their students in it. Hopefully, an improvement of the device could lead to more extensive use of this interface, not only to teach quantum information, but to conduct more research as well, as started in Refs. [42] [43] [44] [45] [46] . 
The phase gate and theT gate are defined as, 
The Hadamard gate, allowing to create a coherent superposition, is written aŝ
Finally, the Controlled-NOT (CNOT) gate, that creates entanglement between two qubits, can be written aŝ Here we show how to derive the probability amplitudes of Alice's initial state |φ i , using the circuit in Fig. 1(b) . The qubit starts in |0 i , and we first apply a Hadamard gate to it, which gives us,
Then, we use aT gate, which change the state of the qubit intoTĤ
This is followed by another Hadamard gate,
and finally anŜ gateŜ
giving
which can be simplified into |φ i = e iπ/8 cos (π/8)|0 i + sin (π/8)|1 i ,
where e iπ/8 is simply a global phase.
